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Summary

Hereit is described the featuresincluded in the computer code BIOKMOD related with the ICRP Models.
BIOKMOD has been applied to analyze several sources of uncertainties in the evaluation of internal
exposures using the bioassay data: (i) Multiple constant and random intakes in occupational exposures
taking into account periods without intake (weekends, holidays, etc.) are evaluated, and they are compared
with the chronic intakes showing that the chronic approximation is not alwaysgood; (ii) An analytical
method to evaluate the statistical uncertainties associated with the biokinetic model is described; (iii) Non
linear techniques are applied to estimate the intakes using bioassay data, wherenot only the quantities
intaken are assumed unknown but also other non linear parameters (AMAD, f1, etc). The methods described
are accompanied with examples. Some of the most usual features of BIOKMOD can be run directly, using
BIOKMODWERB, at the web site;

http: //mww3.enusa.es/webMathemati ca/Public/biokmod. html

Introduction

Biokinetic modeling is widely used in internal dosimetry and to evaluate bioassay data. All current ICRP models,
compiled in the ICRP Database of Dose Coefficients (ICRP 2001), can be represented by compartmental systems with
constant coefficients. The conceptual model used by ICRP is represented in Fig. 1. It can be summarized as it follows.
The human body can be dividedin three systems:

a) The human respiratory tract model (HRTM). Thismodel is applied for modeling the intake of radioactive aerosols by
inhalation. The detailed description is given in ICRP 66 (1994). If a person inhales instantaneously a quantity I, it is
deposited directly in some compartments of the HRTM. The fraction deposited in each compartment is called Initial
Deposition Fraction or IDF. It is a function of Activity Median Aerodynamic Diameter (AMAD), which includes size,
shape, density, anatomical and physiological parameters as well as various conditions of exposure. The IDF values may
be calculated either following the procedure described in ICRP 66 (1994) or obtaining it from the Annex F of ICRP 66
(1994). The general model of the HRTM is common to any element except the absorption rates { sy, sp, §} which are

related to the chemical form of the element. | CRP gives default values of absorption rates according to typesF, M or S.

b) The gastrointestinal tract (Gl).- Thisisapplied for modelingthe intake of particlesin the Gl tract followingthe model
provided in ICRP 30 (ICRP 1979) . Particles can be introduced in the GI Tract directly by ingestion, or from the RT.
Deposition isin the stomach (ST). Part or all the flow istransferred, through Sl, to the blood (B). The rate transfer from
Sl to B, isgiven by Ag = f; Ag/(1 — f1) , where f; is the fraction of the stable element reaching the blood (or body
fluids). If f; = 1 all flowsfrom the stomach it goes to B. The value of f1 is associated to the element and their chemical

form The Gl tract model will be replaced by the called Human Alimentary Tract Model (HATM), but it is not publishec
yet.

¢) Systemic compartments.- . They are specific to an element or groups of elements (ICRP 2001). ICRP 78 (1997)
establishesthree generic groups: (i) hydrogen, cobalt, ruthenium, caesium, and californium, (ii) strontium, radium, and
uranium and, (iii) thorium, neptunium, plutonium, americium, and curium. For other elements not included in ICRP78,
the ICRP 30 mode! is applicableand they have the same generalized compartmental model as group (i). For the elements
of each group the same model is applied although some parameters are specific to the element. From a mathematical
point of view we can establishtwo groups: a) Elements whose biokinetic model does not involverecycling, thisincludes
the group (i) and the elements where ICRP 30 is still applicable, and b) elements whose biokinetic models involve
recycling, thisincludesgroup (ii) and (iii).

A few computer codes have been developed to estimate intake and calculate internal dose using biassay data. The main
characteristics of most of then are summarized by Ansoborlo et a (2003). BIOKMOD. has the following features to
our knowledge are not includedin any other.

a) It gives analytical and numerical solutions (other codes only give the numerical). Even the solutions can be given as
function of some parameters. The accumulated disintegrationsin a compartment or region can be computed exactly by
analytical integration, what is more precise than the method of the mean resident time (Loevinger et a. 1988) often
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appliedfor other codes.

¢) Apart from acute, chronic and multi-inputs, it can practically be used for any kind of continuous inputs (exponentials,
periodic, etc.), even for random inputs.

d) The intakes can be estimated fitting bioassay data where not only the intake quantities but also other parameters
(AMAD, fi, etc.) can be assumed unknown.

€) Analytical expressionsinstead of simulationcan be used for sensitivity and uncertainty analysis.

f) The user himself can build compartmental modelsin a very easy way generating automatically the system of differen
tial equations and their solutions [ Sanchez 2005].

We have applied BIOKMOD to the evaluation of internal exposures using bioassay data. In particular we will refer to
the random intakes in occupational exposures and their implicationin the bioassays, the application of analytical methods
to evaluate the uncertainties associated with the biokinetic model parameters, and the use of non linear regression
techniquesto the bioassay data fitting. The methods described are accompanied with examples.

BIOKMOD is a tool box developed using Mathematica (Wofram Research, Inc. Champaign, IL) It includes several
M athematica packages (or subprograms). To run BIOKMOD with al capability it is necessary Mathematica, however,
some of the most usual features of BIOKMOD can be run directly at: http://www3.enusa.es'webM athematica/Public/biok
mod.html. It is possible thanks to an interface, called, BiokmodWeb, which we have developed using webMathematice
(Wofram Research, Inc) and Java (by Sun Microsystems, Inc.).

Solving ICRP models

General description

All current ICRP models, compiledin ICRP Database of Dose Coefficients(ICRP 2001), can be represented by compart-
mental systems with constant coefficients. The conceptual model used by ICRP is represented in figure 1. It can be
summarizedas it follows. The human body can be divided in three systems:

a) The human respiratory tract model (HRTM).- It is applied for modeling the intake of radioactive aerosols by inhala
tion. The detailed description is given in ICRP 66. If a person intakes by inhalation instantaneously a quantity 1, it is
deposited directly in some compartments of the HRTM. The fraction deposited in each compartment is caled Initial
Deposition Factor or IDF. It is a function of Activity Median Aerodynamic Diameter (AMAD), which includes size,
shape, density, anatomical and physiological parameters as well as various conditions of exposure. The IDF values may
be calculated either following the procedure described in ICRP 66 (1994) or obtaining from the Annex F of ICRP 66
(1994). AMAD value can be written and then the program computes the IDF. Another option isto directly write the IDF
values for Al, bbragiseq, DBsow, BBfasteseq » BBsow, ET1, and ET2. The general model of the RT is common to any

element except the absorption rates {sy, Sp, &} that are related with the chemical form of the element. ICRP gives

default values of absorption rates according to typesF, M or S. In BIOKMOD F, M or S can be chosen and the program
will apply default valuesfor absorption rates. Another option isto directly write the absorption rate parameters.

b) The gastro intestinal tract (Gl).- Thisis applied for modeling the intake of particlesin the Gl tract followingthe model
provided in ICRP 30 (ICRP 1979) . Particles can be introduced in the GI Tract directly by ingestion, or from the RT.
Deposition isin the stomach (ST). Part or all the flow istransferred, through SI, to the blood (B). The rate transfer from
Sl to B, isgivenby Ag = f; Ag/(1 — f;) , where f; isthe fraction of the stable element reaching the blood (or body
fluids). If f; = 1 al flow from Sl goes to B. The value of f; is associated to the element and their chemical form. In
BIOKMOD f; must be introduced or a value by default (from ICRP 2001 and ICRP 1997) will be applied according
with the element and the absorption rate previously chosen.

¢) Systemic compartments.- . They are specific to an element or groups of elements (ICRP 2001). ICRP 78 (1997)
establishesthree generic groups: (i) hydrogen, cobalt, ruthenium, caesium, and californium, (ii) strontium, radium, and
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uranium and, (iii) thorium, neptunium, plutonium, americium, and curium. For other elements not included in ICRP78,
the ICRP 30 model is applicableand they have the same generalized compartmental model as group (i). For the elements
of each group the same model is applied although some parameters are specific to the element. From a mathematical
point of view we can establishtwo groups: a) Elementswhose biokinetic model does not involverecycling, thisincludes
the group (i) and the elements where ICRP 30 is still applicable, and b) elements whose biokinetic models involve
recycling, thisincludesgroup (ii) and (iii).

Fig. 1 Conceptual ICRP Model applied for particle intakes by inhalation. The particles are deposited in
some compartments of the RT. From the RT the flow goes to the ST (Stomach) or to B. “ Rest of Body”
represents the systemic compartments, the detailed flow diagram is specific to each kind of element. The
dashed arrowsmean that the flow can be follow this way or not, depending on the characteristic of the
element. The particles are eliminated through faecal or urine excretion. The disintegration can be
considered as elimination from each compartment to away from the system; it is given by the disintegration
constant of the isotope.

The format applied to introduce the inputs depends on whether it is used BIOKMOD directly or BiokmodWed, a
friendlyinterface to run BIOKMOD using a web browser. The user can modify the respiratory tract and gastrointestinal
tract parameters included by default. The reference worker parameters are used by default. Three kinds of intake way
(injection, ingestion or inhalation) can be chosen. The day (d) will be used as unit of time. The radioactive decay con-
stant, in day™*, of the isotope must be introduced by the user. More details can be found in the BIOKMOD Help (more

than 300 pages). We summarizebel ow the equations used by BIOKMOD.

If we consider asingleintake | at t = O then the content g;(t) in each compartment i of a n-compartmental system at time
t, isgiven by

ai® = Tu(® (1)
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where u;(t) isusually called the unit impul se-responsefunction. It can be represented with the following pattern

ut) = Fi<|1, vo Imy Spr Sotr &5 f1, Az, oy Ap, e, By AR, t) 2

where l;denote the rate transfers for RT compartments, A; the rate transfersfor GI compartmentsand hy, ..., hy therate
transfers for systemic compartments, and Ag is the decay constant of the isotope; uj(t)is a sum of exponentials [see
e.g.:Sanchez and L opez-Fidalgo 2003], that is

ui(t) = Za ekt ©)
r=1

The predicted value for a kind of bioassay m (lung retention, urine excretion, etc.) after an acute input “1” at t = 0,
represented by r(t), is obtained by the sum of the content of one or several compartments [Lopez-Fidalgo and Sanchez
2005]. It will also be a sum of exponentials

m(t) = Za\, g Ut 4)

v=1

where ¢, and d, are the coefficientsobtained solving the model for the specificcase.

This pattern is applicablefor inhalation, ingestion or injection. In fact the ingestion can be considered a particular case of
inhalation where the intake | happens directly in the stomach. In the same way, the injection is a particular case of
ingestionwhere the intake | happens directly in the blood.

In the case of inhalationeqn(4) can be written as

rm(®) = ) IDFj(p)cjy & Ot (5)
v

The mathematical criteria applied to obtain g;(t) and ry(t) are described in Sanchez and L opez-Fidalgo 2003. To simplify

the notation we will write r(t) instead of r(t). Wewill call r(t) standard retention function when we refer to an impulsive
input “1” at t = 0. In other cases we will refer it as retention function, written R(t). Below we summarize how R(t) is
computed for different cases.

The analytical solutions given by the program can not be checked directly with other programs because in our know!-
edge there are no others with this capability. For this reason we have compared the numerical solution for acute intakes
givenby BIOKMOD for different timeswith the solutions givenin the ICRP 78 obtaining a good match.

Single intake

The retention function Ra(t) for asingleor acuteintake Ig at t = O isgivenby

Ra®) = lor(t) (6)

It can be computed using the BIOKMOD functions:

LungsRetention[lntake, IFD , FRA t, A, options] orBi oakdataReport[el enent,
"1 ntakeWay", "IntakeType", Report, Intake IFD, FRA t, A, options] chosingas" | nt akeType" ->
Acut e. It isalso computed when the intaketypeit isnot indicated.

This example showsthe lung retention as a function of initial deposition fraction (IDF) t days after an acute
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intake (I = 1att = 0) of radioactive aerosolstype Sand AMAD 5 um.

In[11]:= Col | ect [LungsRet ention [1, {I DFa, | DFpp (f ast +seq)” s

| DFpbbsi ows | DFvgB(fast +seq)” » | DFeesiows ET2, ETl} , St 0] // Chop,
{I DFa, | DF"bb(f ast +seq)" s I DI:bbsl ows | DF- BB(f ast +seq)" » | DFBBS| ows ET>, ETl}]
Qut[11]= (-0.000247754 e 1191t 4 0.00123877 e *%% 1! + 6. 98602 x 10° e 100 1! -

0. 248002 e 09001t ;1. 24001 e %91t 4 0. 00699301 e % %t ) | DFyp f ast -seq) +
(0.000991017 e ** 1t + 6. 98602 x 10°° e %% 1" 1 0. 992009 e ** 9%t . 0. 00699301 e % %%t
| DFgg(fast -seq) + (1. 65221 x 107 e M0 1! —4.16099 x 10°® e 1% 1! + 0. 000303031 e 19 12¢

0. 000599161 e 10191t . 0. 0000831729 191" 4+ 0. 0000166334 ¢ 201t .

0. 000165387 e 10- 9901t _ 0. 00416516 e * %0t 4 0. 303335 ¢ 00201

0.599761 e % %%11" 1 0. 0832562 e % %%9%2" 1 0. 01665 e * %" ) I DRy +
(-1.25651x10° e 111t - 8.73253x10°° 192 1! 1+ 0. 00100101 e 1% 13"

6. 98602 x 107® 71991t _ 0. 00125777 e710- 000t _ 0. 00874127 e % 0001t

1. 00201 e %301t 1 0. 00699301 e %) | DFypg) ow +
(-6.98602 x107° e M 1! 4+ 0.000998003 e 1% 13! + 6. 98602 x 107° e 1% 1 -

0. 00699301 e 1% %1 1 0. 999002 e 3%t + 0. 00699301 e * %% ) | DFggs) ow

Chronic intake

The retention function Re,(t) for a constant intake | (t) = Iy (daily rate intake) for O<t<T, at t= T cease the intake,
that is|(t) for t > T, then the retention is given by

Rer(t) =g fr(t)dt forO<t<TandRg(t) = Idf rydtfort>T
0 T (7)

It is computed by the BIOKMOD function

gConstant[Iy,{r[t], t}, ti, T] givesthe retention the day t; after an intake I, at t = 0 assumingthat it cease the intake
at=T.

The below figure shows the lung retention for aworker that has been exposed fromt = 0 to t = 2000 day to a chronicintake by
inhalation of 3 BqU/day of UO, enriched aerosolstype Sand AMAD 5 um. Ontheday t = 2000 xceasestheintaken.(Note: The
enricheduraniumcontains 238U, 23U and 234U, for thisisotopes Ag— 0)

In[12]:= qLungU5[t_] = LungsRetention[1, AMADAdul tW5], S, t, 0];
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In[13]:= Plot [gConstant [3, {qLungU5[t], t}, t1, 2000],
{t1, 0, 4000}, AxeslLabel - {"Days", "Bqg"}]
Bq

100

80

Qut[13] =

40

20

1000 2000 3000 4000

Continuous intake

The retention function Rc(t) for a continuous intake | (t), isgiven by

Rc(t) = fl Ort-7ndr
0

It is computed by the BIOKMOD function

©)

gContinuoud | (t),{r[t]}, t, ti] givestheretention the day t; after an intake I (t) starting at at t = 0.

©2007 Guillermo Sanchez and ENUSA. All rights reserved.
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Hereit is asumed the lung retention asuming an a continousintake givenby 1(t) = 0.3 + 0.3 Coglt]

In[14]:= Pl ot [Eval uate[qContinuous[0.3+0.3 Cos[t], {qLungUS[t]}, t, t1]1],
{t1, 0, 200}, AxeslLabel - {"Days", "Bg"}]

Bg

out[14] =

1 L L L L 1 L L L L 1 L s L L 1 D <
50 100 150 200 ¥

Itcanbeasoused: LungsRetention[lntake, IFD, FRA, t, A, options] orBi oakdat aReport[el enent,
"I ntakeVay", "IntakeType", Report, Intake IFD, FRA,t, A, options] chosing as IntakeType-"Continuous'.

The examplerepresents a biexponential input (1(t) = 0.6 Exp[-10.2 t]+0.02 Exp[-6.0 t]) of iodo-131 by injectionand the correspond-
ing solution.lt is been chosen that output givesthe retention function for typical bioassays,but other output reports are available such
as graphi cs representation, retentionfunction for each compartment,or number of disintegrations accumulatedin each compartment.

In[15]: = Bi okdat aReport [i odi ne, "Injection”, "Continuous", "Automatic",
{0. 6 Exp[-10.2t] +0.02Exp[-6.0t], t}, 1, t, Log[2] /8.0] 7/ Chop

Qut[15]= {gDailyUrine[t] - 10999.2 e 120850t _2461.2 192! - 1.52028 % ' +

1. 20303 e 28%919t _ 0. 000106687 e % 1479t ;. 0. 0000988393 ¢ - 09296731

qDai | yFaecal [t] - -3.88128 x 106 192t _8.52054 x10 8 e ® ! +
5.52234 x 1076 285919t _ 0 0000124967 ¢ 1 88664t _g 4189 x 107 1 88664t
0. 0000135931 e 1 %864t _ 0. 0000408268 e % 1467°t ;. 0. 0000355496 e - 09296731

gwhol ebody [t ] - 0. 0675817 e 120866t _( 159095 ¢ 102! _0. 00750263 e ® ! +
0. 0802064 2 85919t _ 2 47477 x 107 ¢1- 886641 _ 1 66722 x 1077 e 1886641
7.91086 x 10°% e 108504t _ 0. 00237953 e - 140791 1 0. 0211838 e 0 09290731 }
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The below examplerepresentsthe daily faecal and urineexcretion for an acuteintakel = 1Bgatt = 0.

In[16]: = Bi okdat aReport [i odi ne, "I njection",
"Acute", "G aphi cReport", 1, 1, 180, Log[2] /8.0]

Acuteintakeint=10

01k ~

0.001

T
7/

Qut[16] = 10°

1077

Multiple single intakes

For multiplesingleinputs: {14, ..., i, ..., In} that happen at times: {tq, t1, ..., ti, ...tn}, Where t—t; isthe time sincethe
input I; occurred. Then, taken ty = 0, the retention function, Ry (t) isgivenby .

n
Ru(®) = 11r(t) + Iar(t—ty) + oo + I r(t = to1) = Z'i rt—t1) )
i=1
If the timeis considered to be a discrete variable measured in days and | ; represents the intake that happened on the day
j, then the previous equation can be written:

t
Ru(®) = I1r(t) + lor(t=1)+ ... + |nr(1)=Z|,- rt—j+1) (10)
j=1

©2007 Guillermo Sanchez and ENUSA. All rights reserved.
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It is computed by the BIOKMOD functiongMul t i pl e.
In[17]:= ?qgMiltiple

gMultiple[inputsdata,{u[t],t}, tt] gives the
retention the time tt for multiples(constanty....{bi,tiTi},...}
and singles{...,{bi ti},...})inputs,being u[t] the unit—inpulse

response

Example.- A worker started to work in an areaexposed to UO2 (AMAD 5 um and type S) radioactiveaerosols starting theday t = 0.
The quantitiesintaken sincethen hasbeen{l, t}:

In[18]:= intakendatal = {{5, 0}, {3, 2}, {2, 3}, {2, 4}, {3, 7}, {8, 91}

So, the estimated lung retention since the started the first inkake can be represented as follows:

In[19]:= Plot [Evaluate[qMil tiple[intakendatal, {qLungU5[t], t}, t1]],
{t1, 0, 20}, ExclusionsStyle - {Blue, Blue}, AxesLabel -» {"Days", "Bqg"}]

Bg

14

12

auit[19]= 10

o
™
o

1 n n n n 1 n n n n 1 D E
10 15 20 ¥

It can be also used:

LungsRetention[l ntake, IFD , FRA, <t©, A, options] orBi oakdataReport[el enent,

"1 ntakeWay", "IntakeType", Report, Intake, IFD, FRA, 7, A, options] chosing as IntakeType—
"Multilnputs' givethe retention or excretion T days after the last intake{ |, , t,} happened

In the same example, the lung retentionfor r = 5is

In[20]:= LungsRetention[intakendatal, AVADAdultW5], S, 5, 0, IntakeType -»"Miltilnputs"]

Qut[20] = 1.34442
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It can be compared with the obteinded using gMultiple (taking into accountthat 7 = t — t,)
In[21]:= gMultiplel[intakendatal, {qLungUs[t], t}, 9+5]

Qut[21]= 1.34442

Multiple constant intakes

In many situations the intake | happens for a few hours every day. However, from a practical point of view it can be
assumed that |; is an acute intake. But if we want to consider {lo, ..., li, ... , In} @ multiple constant intakes that
happen at times: {tg, t, ..., tj, ...t n} during atime {Ty, ..., Ti, ..., Tn}, Where 1; = t—t; is the time since the input |;
occurred.

We want consider the case where it happens multiple constant inputs{ by, ..., b, ... , I} that start at times: {to, tg, ...,
tj, ...t o} duringatime{Ty,..., Ti, ..., Tn}.

Wecall r(t) the unit function for a constant input

mnﬂ):@nt<aLfmndnm0<tsTimdf:pmdﬁmt>ﬂ}
t-Ti

Then, the retention function for multipleconstant inputsis given by

n

tbottbltt bntt IDitt
QWO—EN—M+E“—ﬁhﬁﬁﬂ—ﬂ—gfﬂ—ﬂ (12)

Thisequation isimplementedin the BIOKMOD function gMul ti pl e. Thisfunction can be used aso for multipleacute
inputs even for combination multiplesacute and constant inputs.

Example.- A worker works in an area expose to UO2 (AMAD 5 um and type S) radioactive aerosols during
the last 2000 days. He works 5 days per week 8 hours a day, he also has 4 holiday weeksper year (with these
criteria 2000 days are 1330 working days). It is estimated that in this time he has intaken 13300 BqU. We
want to calculate the lung retention evolution. Regular weekendsand holidays will be assumed.

We will need the single-impul sefunction for lung

In[22]:= gqLungU5S[t_] = LungsRetention[1l, AVADAdul tW5], S, t, 0];

Thelungretentionfor asingleintake 1 Bg/day withT;=T = %:g isgivenby

In[23]:= days = 2000; Ti = 1/3;

In[24]:= lungret = 1/Ti qConstant [1, {qLungU5S[t], t}, #, Ti] &/@Range[days];

The averageintake during this period conisderingall daysis

In[25]:= totalintake = 13300,

In[26]:= avgintake = totalintake /days
133

Qut[26]= ——
20
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Now wewant cal culated the number of working days.

In[27]:= workingdays = Flatten[Tabl e[

If[Mod[n, 7] == 0 || Mod[n, 7] = 6 || Mod[n, 365] = 0 || Mdd[n, 365] == 364 ||
Mbd [n, 365] == 363 || Mbd[n, 365] == 362 || Mbd[n, 365] == 361 ||
Mod[n, 365] == 360 || Mod[n, 365] == 359 || Mod[n, 365] == 358 | |
Mod [n, 365] = 357 || Mod[n, 365] == 356 || Mod[n, 365] == 355 ||
Mod [n, 365] == 354 || Mod[n, 365] == 353 || Mbd[n, 365] == 352 ||
Mod [n, 365] = 351 || Mbd[n, 365] = 350 || Mod[n, 365] == 349 ||
Mbd [n, 365] == 348 || Mod[n, 365] = 347 || Mod[n, 365] == 346 | |
Mbd [N, 365] == 345 || Mbd[n, 365] == 344 || Mbd[n, 365] == 343 ||
Mod[n, 365] == 342 || Mod[n, 365] = 341 || Mod[n, 365] = 340 | |
Mbd[n, 3651 == 339 || Mod[n, 365] = 338, 0, 1], {n, days}1l;

In[28]:= wdays = Tot al [wor ki ngdays]
1330

Qut [ 28]
The average daily intake considering only the working daysis

In[29]:= avgi ntakewd = totalintake /wdays

ut[29]= 10

The lung retention take in into accound the period where there are not intakeis

In[30]:= dailylungret = Transpose[{Range[days],
Li st Convol ve[ wor ki ngdays, avgi ntakewd = | ungret, {-days, 1}, 01}1;

The lung retention assuminga chronic intakeis

In[31]:= qLungUsSCr [t _] =
LungsRetention[l, AVADAdul t W5], S, t, 0, IntakeType » "Constant"];

©2007 Guillermo Sanchez and ENUSA. All rights reserved.
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Both solutions are plotted below

In[32]:= fig2 = Plot[avgintake qLungU5SCr [t ], {t, 1200, days}, AxeslLabel - {"days", "Bqg"},
Epil og » {Hue[0], PointSize[0.012], Map[Poi nt, dailylungret]}]

Bq

240

230}

220}

Qut[32] =

210}

200 |

— i 1 1 1 1 d ays
1400 1600 1800 2000

It can be observed that the differences between both methods are negligible in the middle of periods between
two holiday seasons, and maxima just after the holiday periods, but even in these cases they are not too
important (lower than 5%)

The estimated lung retention different days after the intaken started it can be made directy using the BIOKMOD functiongMul ti -
pl e

In[33]:= ?qgMultiple

gMultiple[inputsdata,{u[t],t}, tt] gives the
retention the time tt for multiples(constanty....{bi,ti,Ti},...}
and singles{...,{bi ti},...})inputs,being u[t] the unit—inpulse

response

In[34]:= dailyinputs = Transpose[{wor ki ngdays, Range[2000], Table[1 /3, {2000}1}1;

In[35]:= Tabl eForm[Map[{#, avgi ntakewd gMul ti pl e[dailyinputs, {qLungUSS[t], t}, #]} &,
{100, 500, 1000, 1500, 2000}]1]

Qut [ 35] // Tabl eFor ne
100 32. 4497
500 107.734
1000 172.687
1500 206. 337
2000 239.481
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Random Intakes

In real situations, such as workers being exposed to radioactive aerosols during the working days, the individual daily
intake | is usually a random variable. In a previous article we found (Lopez-Fidalgo and Sanchez, 2005) that in some
occasionsthe daily intake {11, ..., I;, ... , 15} can be fitted by a log-normal distribution LN(i, o), where i and o are
the mean and variance of the corresponding normal distribution. We showed that the retention function R.4,4(t) and the
corresponding probability bands are given by

Reand(® = 11 Y21 1()) £ 20 0/ Tioa r3() (12)

being i1, = %Z{ Iy, % = ﬁ > (I 1) and zisthe 100 (y + 1) / 2 -quantile of the standard normal distribution.

If inegn. (10) | is arandom variable, then I r(t — j + 1) usually will take small values, and considering a large number

(<100) of singleinputs li then egn. (10) will be a sum of random and independent variables. In this case eqn.(13) can be
used without requiring that {14, ..., li, ... , Iy} can be fitted to any distribution. It is a consequence of the Central Limit
Theorem. We have also checked it by simulation using different distributionsto generate {14, ..., I, ..., I} and testing
that egn (13) isverified.

Example.-In the previous example we known from historical data that the relative standard deviation of the
daily intakes for workersof this area is about 20%, that iso / u;= 0.2.

Eqgn (13) is applied (withy=0.95) for computing the upper and lower limit {uL,IL}

Li st Convol ve [ wor ki ngdays, |ungret, {-days, 1}, 01;
Li st Convol ve [ wor ki ngdays, |ungret, {-days, 1}, 0]172;

In[36]:= rrl
rr2

In[38]:= {uL, avg, IL} = I\/bdule[{z, s, k, dj,

z = 2; s = 0.2avgint akewd; k=z%*s*Vrr2;
d = Range[days]; {Transpose[{d, avgintakewdrrl+k}],

Transpose[{d, avgintakewd rr1}], Transpose[{d, avgintakewd rrl-k }]}];

In[39]:= ListPlot[avg]

200
150
Qut[39] =

100

50

500 1000 1500 2000

©2007 Guillermo Sanchez and ENUSA. All rights reserved.



Printed from the Mathematica Help Browser 15

In[40]:= Fig3 =FilledListPlot[lL, uL, AxesLabel -» {"days", "Bq"}];

On the day 2000
In[41]:= {Last [rri1], Last [rr2]}

Qut[41]= {23.9728, 574.697}

In[42]:= {lLast [uL], Last [avg], Last [IL]}

Qut[42]= {{2000, 335.62}, {2000, 239.728}, {2000, 143.837}}

That isy = 10; o = 0.2 py = 2, Yj4r(j) = 23.97; 35, 1%(j) =574.70; them the estimated lung content is  BqU
(computed with a confidenceinterval of 95%, z ~ 2), and hence 143.8 BqU < RA| 4ng(2000) <335.6 BqU.

It can be compared with the val ue obtaining assuming an chronic intake

In[43]:= avgintake = LungsRetention[1l, AVADAdul t W5], S, 2000, O, IntakeType » "Constant"]

Qut[43] = 239.883

In[44]:= Clear [qLungs5S, days, totalintake, i nputdata,
avgi nt ake, avgi nt akewd, worki ngdays, rri1, rr2, ulL, avg, |L]

The program has a specificinput and output for random intakes. The estimated daily intakes average and their standard
deviation, calculated using historical data, must be introduced. It will also be indicated the number of working days per
week, so if the worker rests at the weekend the program will take I; = Ofor j = 7k and j = 7k-1,k = {1, 2, ...}.

Predicted urine excretion (BqU/day) for a worker where he will work during 5 days per weekin an area
being exposed to uranium aerosols (type S, AMAD 5 umand Ag —0). The estimated average daily intake in
thisareais 3.3 BqU with a standard deviation of 5.1 BqU. The worker was previously exposed to a total
intake of 5100 BqU from 1995-05-13 to 2005-10-13. The effect of the weekendswithout exposures can be
observed.

In[45]:= {urineExc, faecal Exc, whol ebodyRet } =
{gbai | yUri ne[t], qDail yFaecal [t ], qWhol ebody [t ]} /. Bi okdat aReport [urani um
"I nhal ation", "Acute", "Autonmatic", 1, AMADAdul t W5], S, 0.002, t, 07;

In[46]:= totaltime = Round[
Absol ut eTi me [ {2005, 10, 13, 0, 0, 0}] - Absol uteTi me[{1995, 5, 13, 0, 0, 0}] ]
3600 x 24 '

Now it is applied the function gRandom (Seein Biokmod Help: Advancefunction)
In[47]:= sol = gRandom[5100, totaltime, urineExc, 3.3, 5.1, 1.96, 300, 5, t1],

In[48]: {days, ne, int, ul, Il} =Transpose[sol ];
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The blue color represents the confidenceinterval for the daily urineexcretion, it can be observed the effect of the weekengwhere
there are not intakes.

In[49]:= ListPlot [{Transpose[{days, ||}], Transpose[{days, ul }1},
AxesLabel - {"days", "Bq/day"}, Filling -> {1- {2}}, FillingStyle - Qpacity[0.3]]

Ba/day

P’P’f”””’f’
0.015 _P’f”f””””fff””’

\“\\“‘\“.“\“““““‘“\“““.

0.010
Qut [ 49] =
0% -rpprrprrrrreorrrrnrrrrooorvrooorrnra

L 3 B
'\5\\QQ\\\\QQQQQ\Q\\\\\\\“\\\\\\\

100 150 200 250 300

Disintegrations

The nuclear transformations U;(t) that will happen up to time T in a compartment i as consequence of the isotope content
givenby q;(t) are calculated using the egn. (14)

Ui(0) = fe ot dt (13)

where f. is a conversion factor applied to give the nuclear transformationsin the desired units. So fc = 8.65x107 (in's
d=1) to give U;(r) inBq whent isin daysand g;(t) isin Bg.

Ui(t)is widely used in internal dosimetry, for example to calculate the commitment dose. In some publications
(examples: apart. 9.4 in ICRP 66 or Loevinger 1988) U;(t) is usually computed using the mean residence times corrected
with some mathematical tricks. It is already an approximated method. BIOKMOD computes analytically the eqn. (14)
obtaining the exact solution.

This function compute the accumul ated disintegrationsin the thyroid at timet after an acuteintake by ingestionint = O for iodine
stable (A.—0)
In[50]:= disThylodine[t_]=02[t] /.
Bi okdat aReport [i odi ne, "I ngestion", "Acute", "D sintegrations", 1, 1, t, 0]

Qut[50] = 3.93628 x10° - 141. 114 e ** ' +10603.5 e > 77224! _
19567. 1 e—O. 0601471t _ 3.92717 x 106 e—O. 00632391t

©2007 Guillermo Sanchez and ENUSA. All rights reserved.



Printed from the Mathematica Help Browser 17

Here are presented the evolution of acumulated disintegrations
In[51]:= Plot [disThylodine[t], {t, 0, 3000}, PlotRange » All,
AxesLabel - {"days", "Acumul ed disintegrations"}]

Acumuleddisintegrations
4x10°F

3x 108
Qut[51] =

2x 108

1x 108

.|....|....|....|days
1500 2000 2500 3000

500 1000
The accumulateddisintegrationsfor t = 50 yearis
In[52]:= disThyl odi ne[50 » 365]

aut[52] = 3.93628 x 10°

Hereis the same computation for iodine 131 (t;, = 8.0 d)
In[53]:= disThylodinel31[t_1 =q2[t] /. Bi okdataReport [i odi ne,
"I ngestion", "Acute", "D sintegrations", 1, 1, t, Log[2] /8]

Qut[53]= 265014. - 140. 606 e 240866t , 10282, 2 285919t _g017. 6 ¢ - 14679t _ 267138, ¢ 0 0929673t

In[54]:= di sThyl odi ne131[50 % 365]

Qut[54]= 265014,

Sensitivity and uncertainty analysis

The estimation of isotope content in a compartment or region involves many uncertainties even assuming that the ICRP
metabolic models are a good representation of the real behaviour of the particles intake in the human body. Thisis so
because most of the true values of the parameters at a real situation are unknown. The parameters usually applied are
based on the reference valuesgivenin ICRPs.

Let’s be r(t) expressed as function of certain parameters { kl, ..., K¢} with their associated uncertainties: { u(ky),...u(k,)},
then

r(t) = F(kq, ..., ko, 1) £ uc(t) (14)
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being uc(t) the combined standard uncertainty.

Assuming that {kl,---’ Kk} are uncorrelated and taking the first-order Taylor series terms of F(kq, ..., kp, A, 1), then
uc(t) can be evaluated using

2
U20M) = 35 (5) k) (15)

Thisisthe expression used by BIOKMOD.
Of course, egn (16) can be only applied when we can obtain the analytical solution of the model as function of the
parameters {ky,..., k), but it is only possible when the model not involve recycling and in some particular cases of

modelswith recycling. No recyclingmodels can be discomposed in catenary branches (Skrable et al, 1974), then, when
{ki # k;), the solution can be expressed as function of the parameters{k,..., k).

The HRTM isanon recyclingmodel. So, egn (16) can be use to study the HRTM uncertaintiesas it is shown in some of
the examplesbelow.

Also, it included an examplewhere the eqn (16) isappliedin anon recyclingmode.

Example 1 .- Lung retention uncertainties associated with AMAD p and Up

Lung retention predicted for asingleintakeof 1 Bg at t = 0, type S, decay constant negligible(Ar —» 0) and AMAD p=5
um and u, = sp = 0.5 um . The dashed lines represent the confidence interval (95%) associated with the AMAD

uncertainties.
In[55]:= rLung[p_, t_] =LungsRetention[l, AMADfit [p], S, t, 0] // Chop;

The evolution of the content with their associated uncertaintiesfor a coverage factor k = 2 is computed and represented
asfollow

In[56]:= yu[tl ] =
{"nean", "uL", "IL"} /. Un[rLung[p, t1], {p}, {op}, 21 /. {p-> 5, op- 0.5};
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In[57]:= Plot[Evaluate[yu[t]], {t, 1, 100}, PlotRange » {0, 0.1},
AxesLabel - {"days", "Bqg"}, PlotStyle - styles]

Bq
0.10

0.08
0.06

Qut[57] =

0.04

0.02 -

L L L L L L L L L L L L L L L L L L L L d <
0 20 40 60 80 100 i

It can be observed that a small difference in the AMAD value has an important consequence in the lung retention
predicted. For this reason, when the value for AMAD is used to evaluate bioassay data and it it is not known then the
intake estimated could have important uncertainties.

Example 2 .- Lung retention uncertainties associated with IDF; and upg,

We want to evaluate for a reference worker the lung retention after an acute intake (I = 1 at t = 0) of radioactive
aerosolstype Sand Ar =~ 0 assumingarelative standard deviation of 10% of the IDF; (that isc/IDF =0.1).

In this example we evauate the Iung uncertainties associated with IDF:  {I DFa,
I Dbe (fast +seq) » I DI:bbsl ows I |:]:BB(fast +seq) I DFBBS| ow}

In[58]:= rLung[{idf Al _, idfbbfs_, idfbbslow, idfBBfs_, idfBBslow, ET2_, ET1_}, t_] =
Col | ect [LungsRetention[1,
{i df Al, idfbbfs, idfbbslow, idfBBfs, idfBBslow, ET2, ET1}, S, t, 0] // Chop,
{i df Al, idf bbfs, idfbbslow, idfBBfs, idfBBslow}];

Cdlling
In[59]:= idf = {l DFai, | DFpb (fast+seq)s | DFpbsiows | DFvgg(fast+seq)” » | DFesiows ET2, ET:I—};
In[60]:= idfl = {| DFai, | DFpb (fast+seq)s | DFbbsiows | DFvgg(fast+seq)” » | DFaesi ow};

Note that Fiung(t, p) = 3.1 Ai(t) IDFi(p)
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In[61]:= rLung[idf, t]

Qut[61] = (0.000991017 e *** 1" +6.98602 x10° e 1% 1" + 0. 992009 e ** %! 1 0. 00699301 e > %)
| DFgg (fast -seq) + (1. 65221 x 107" e M0 1! —4.16099 x 10°® e 1% 1! + 0. 000303031 e 19 12!
0. 000599161 e 1910t , 0. 0000831729 e 1 ' + 0. 0000166334 ¢ %01t
0.000165387 e 1%- 9901t _ 0. 00416516 e > 2% +0.303335 ¢ % 0201
0.599761 e % %11 1 0. 0832562 e % %%9%2! 1 0. 01665 e * %' ) | DFy +
(-1.25651x10° e 111t 8732583 x10°° e 192 1! 4+ 0. 00100101 e %% 131
6.98602 x 10°® 1991t 0. 00125777 e70-0901t _ 0. 00874127 e % 0001t
1. 00201 e % %301t + 0. 00699301 e % %% ) | DFpps ow +

(-6.98602 x 10°° e % 1' 4+ 0.000998003 e 1% 13 + 6. 98602 x 10°° e 1% 1 -
0. 00699301 e %21 1 0. 999002 e % 3%t + 0. 00699301 e % %91 ) | DFggs| ow +
(-0.000247754 ¢ 1191 1+ 0. 00123877 e 1% ! +6.98602x10° e 1%t -
0.248002 e 9901t 4 1. 24001 e * %' + 0. 00699301 e % %% ) | DFpp (f ast +seq)

In[62]:= idfuf[tl_] = {"mean", "ulL", "IL"} /. Un[rLung[idf, t1], idfl1, 0.1idf1, 2] /.
Thread[i df - AVMADAdul t W[511;

figd4 =Plot [Evaluate[idfuf[t]], {t, 1, 100},
Pl ot Range » {0. 02", 0.08" }, AxeslLabel - {"days", "Bg"}, PlotStyle » styles]

In[63]:

Bq
0.08[

0.07}
006F <

Qit[63]= 005[ "~ -~

-
L.
" om
LI
L
" e aaa

0.03}

L L L L L L L L L L L L L L L L L L L L d <
0 20 40 60 80 100 i

Example 3 .- Whole body uncertainties of ®°Co intake by ingestion associated with f;.

The uncertainties of the retention functions associated with the rate transfer factors is other interesting topic to be
investigated using analitycal methods. Howerver, it is not alwaysposibleto obtain the analitical expresion of a model as
function of one o severa rate transter factors k;. In fact, it is only posible when the model not involvereciclingand in
some particular cases of model with recycling. The no recycling models can be descomposed in catenary branches
(Skrableel @, 1988). Then, whenit isverifiedthat ki k;, the retention function after an acute intake I at t = 0 hasthe

pattern that follows (Sanchez and Lopez -Fidalgo 1988):

q
r(, Ky ..., Kn, 2, t) =19 ZA’ (ke, ..., kn) e @ (kKn k]t ] g-int

r=1
being Ar (k1, ..., kn) anda (ky, . .., kn) the coefficientsobtained solving the model for the specific case.
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In[64]:= Ki = |(1+K1; Ky = k2+K2; Kz = |(2+K3;
In[65]:= ff[t_]=Catenary[b, 3, t, K, k, 0] //Sinplify
e—t (KLl+kyq)
OJt[65]= bklkz +
(KL - K2 + kg -kp) (KL-K3+ky-kp)
et (K2+ky) et (K3+ky)

N
(K2 -K3) (-K1 +K2 -k +kp) (-K2 + K3) (-KL +K3-k; +kp)

We wish estimated the associated uncertainty for %°Co whole body content retention, after an acute intake Io= 1 by

ingestion, for fractional absorption f; = 0.1 with an associated uncertainty of o = 20% f;.

Thefirst step is obtained the wholebody content as function of 1 and f;. It can be made as follows
In[66]:= ConpartNunbers[cobalt]

Qut [ 66] // Tabl eFor n¥
1 Bl ood
Systemic A
Systemic B
Systemic C

Bl adder

Urine
ULI
LLI
FEC

© 0o ~NO UL WN

The GI compartments much be added

Bl adder (n-4) to urine(n-3) k[n-4,n-3]-> 12
ULl (n-2) to LLI (n-1) k[n-2,n-1]-> KuLi
LLI (n-1) to FEC(n) k(n-1,n]-> Kipi
SI (n+l) to ULI (n-2) k[n+1,n-2]-> Kg
ST (n+2) to SI (n+1) k[n+2,n+1]-> Kst
SI (n+l) to B(1) k{n+1,1]-> fekg

Then the cobalt compartmental matrix is

In[67]:=

cobal t ext ended =
Join[icrp30Model [6/7, 1/7, {6, 60, 800}, {3/10, 1,10, 1,710}, 1/2],
{{11, 10, ksr}, {10, 1, fgkg}, {10, 7, kg 3}}] /. Rationalize[Options[qd ]];

The content in each compartment, for | = 1, isgiven by

In[68]:=

{92 [t _1, 92[t_1, as[t_1, qa[t_1,
Os[t_1, e[t _1, az[t_]1, ds[t_1, dolt_1, qaolt_1, Qua[t_1} =
Mat ri xExp [Conpart Matri x[11, cobal t extended] »t]. {0, 0, O, 0, 0, O, O, O, O, O, 1};

Finally, the wholebody content as function of f,andt is (note are obtained sum all compartment content except compartment 6
(urine) and 9 (fecal)

In[69]:=

rWBCo[fnl , t ] =Block[{f1l= fnl},
Plusee {q:[t], g2[t], gs[t], dalt], as[t], d7[t], dslt], diolt], gualt1}1;
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Them Uin functionis applied to obtain the wholebody rentencion and their associated uncertainty for f; = 0.1, o = 20% f,, and
taking y =95% (thenz = 2). Itis been account that the half-lifefor % Cois5.27 year.

In[70]:= WBCou[tl ] =
{"nmean", "ulL", "IL"} /. Un[rWBCo[fnl, t1] Exp[ -Log[2] / (5.27 % 365.24) t1],
{fnl}, (0.2fnly, 2] /. fnl-> 0.1;

In[71]:= LogPl ot [Eval uate[WBCou[t]], {t, 1, 30},
AxesLabel - {"days", "Bqg"}, PlotStyle »styles]
Bq

0.50

0.20

0.05

0.02

It can be observed that the uncertainty isamost constant for t>10 days

In[72]:= Plot [(WBCou[t][[2]]-WBCou[t][[1]]) /WBCou[t][[1]], {t, 1, 50}]

0.400 -
0.399 |
0.398 |
0.397 |
Qut[72] =
0.396 |
0.395 |

0.394 |

0.393 i 1 1 1 1 1
] | 10 20 30 40 50

In[73]:= med[t_] = rWBCo[0.1, t] Exp[-Log[2] / (5.27 %365.24)t];

Note: The solution has been tested with the given using BiokdataReport[cobalt, "Ingestion”,"Acute", "Bioassay Table", 1, 0. 1, 180, Log[2]/(5.27* 365.24)]//Chop

In[74]: = Cl ear [cobal t ext ended, rWBCo, WBCou ]
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Fitting bioassay data

Basic equations

The bioassay measurementscan be used to estimate the intake and, then, infer the internal dose.

Let's suppose a single intake 1o (unkown) int = O of radioactive particles, whose characteristics (AMAD, solubility
etc) are known, by a worker with a metabolismthat responds to the ideal model for the standard worker. At timet after
the intake, a bioassay is made obtaining a measurement m, with negligibleuncertainties. Then, taken m = Ra(t) and
using eqn (4), 1o will be calculated. However, it is an unredistic situation; in the real world the evaluation of internal
exposures using the bioassay data involvesa lot of uncertainties. In fact, in an intercomparation exercise where the same
cases, using the same data, have been evaluated by different experts, large discrepancies have been obtained (Doerfel
1999).

The featuresincludedin BIOKMOD can be used to evaluate and minimizethe uncertainties.

If al parameters (AMAD, absorption parameters, etc.) of the model, except the quantities intakes, are assumed to be
known, the only uncertaintieswill be the ones of the measurements, and then we have a linear statistical model. Eqn (17)
and egn (18) are applied to estimate | and its associated uncertainty. They are based on the method described by Skrable
el al. (2002):

.
Nireit) =
_ u?

I = 24
B, (16)

U

il (17)

=1 u 2

where

tj isthe time from the start of the intake to the measurement i.

m and u; are the measurement and their associated uncertainties (cal culated with the same confidencelevel that u; ).

re,j(t), with C = {A (acute) or Cr (Chronic)} is the retention function, with Io = 1 or 14= 1, associated with measurement m.and j is the type of bioassay (note: different

kinds of bioassays can be applied simultaneously)

Egs (17) and (18) are the apply by MLFit (See BIOKMOD Help)

Example: A worker has been exposed to an (unknown) acute intake of uranium aerosols (class S, Type S) by inhalatior
int = 0. With a lung counter have been taken measured after the intake:{ 1, 10, 30, 60, 90, obtaining the values given
by samplelungunc:{t;, m.u;}.

In[75]:= sanpl eLungUnc = {{1, 39, 5}, {10, 36, 5}, {30, 29, 5}, {60, 26, 5},
{90, 23, 53}, {120, 22, 53}, {180, 20, 53}, {270, 18, 5}, {350, 14, 5}};

M_Fi t [sanpl eLungUnc, LungsRetention[1l, AMADAdul t W51, S, t, 0], t]

I n[76] :

aut[76]= {Mean - 608. 545, s - 38. 4612}

Other authors recommend (ICRP Draft 2006) the maximumlikelihood method which uses the followingegn

e

2, (1/LogsF, 2 (18)

Log (i) =
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being SF; the scattering factor for m. If the bioassay data are log normally distributed then SF is the geometric standard
deviation (SG) of the log-normal distribution.

In[77]: = MFitLog[sanpl eLungUnc, LungsRetention[l, AMADAdultW5], S, t, 0], t]

Qut[77]= Mean - 603. 899

When it is assumed, that not only the intake but also other parameters {ky,..., k:} are unknown (AMAD, f;, etc.) then
we have a problem of nonlinear fitting. BIOKMOD appliesegn (15) for fitting the bioassay data (It isminimizedy2):

Irej(ti Ky, ., ko) —m )2]
----- u (19)
Restrictions: | > 0, Ky min) < K1 < Kt maxys s Keming = K < Kegma

If the bioassay data are log normally distributed then the below egn isused

2
Pk A Mi N Log[I rc,j(ti, Ky, ..., k)] —Logim]
(e, k) rg“’kb_l_r’lkf][z_l( = ) | 20

Restrictions: | >0, kl(min) < kl =< kl(max)y . kr(min) =< kr =< kr(max)
Eqgn (20) or (21) are the apply by X 2FtE (See BIOKMOD Help)

Note: If only akind of bioassay is applied and all the uncertaintiesu; are the same or they are not availablecan be used
the specific Mathematica functionsfor fitting (e.g. FindFit)

Idenfication problems
In some occasions, using the same bioassay data, severa solutions, mathematically equivalents can be obtained. For
instance: For substances of type F (rapid absorption) and f; =1 almost all particles deposited in the respiratory tract

(excluded that returned directly to the environment) are transferred quickly into the blood (B). This means that in this
caseanintake lgint = 0O of radioactive aerosols of AMAD p can be approximated by an instantaneousinput bg inB int

=0givenby

bg = lo X IDFi(p) (21)

2 IDFi(p) includesall de IDF factor except IDFgT1.

If 1o and p are unknown, and therefore IDF; valueswill be also unknown, then egn (20) will be verified for an infiniturr

number of values. So if we replace bg(t) at egn (6) using egn (19) it will be found that bioassay data my can be fitted to
different valuesof 15 and p. However the accumulated disintegrations, given by eqn (14), will be the same as long as that
egn.(20) be satisfied, and hence the committed effective dose E will be also the same. For instance: If it is has been
obtained by fitting an intake 1; assumingan AMAD p; and the true (unknown) valueis I, with AMAD p,, then it will

be verified that 1, };IDF(p1) = 12 IDF(p2) and E1 ~ E2 being E; = [;DCF (p1) and E, = |, DCF(p) where
DCF( ) isthe dose conversion factor corresponding to an AMAD p;.

In the sameway, an intake Iy by ingestionwith f; = 1 ispractically equivalentto an instantaneousinput bg = Ip int = 0.
Theses conclusionscan be extended to not acute inputs as consegquence of the convolution theorem.
Example 1

As a result of Chernobyl accident (26 april 1986) a male 39 years old and 80 kg (member of the public) has been
exposed to continuous and unknown ingestion of Cs-137 (Thisdata has been supplied by Ansoborlo)
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The results of the wholebody activity retention are given below : {time after the accident (d), activity (Bq)}

whol eData = {{39, 300}, {58, 671}, {75, 737}, {130, 1661}, {156, 1846},
(170, 1882}, {198, 2247}, {234, 2493}, {263, 2926}, {297, 3224}, {325, 3608},
(374, 3883}, {408, 3773}, {432, 3723}, {494, 3195}, {520, 2740}, {556, 2469},
(592, 2375}, (625, 1954}, {682, 1614}, {744, 1221}, {800, 1174}, {880, 739}};

I n[10] :

In[11]: = ListPl ot [whol eData, Joi ned -» True]

4000
3000
2000

Qut[11] =

1000 -

200 400 600 800

Hereis evaluated the retention in the wholebody for an acuteintake"1" of Cs-137 int=0 [More detailsin Help "I sotope”]
In[12]:= gWbCs137[t1_] = gWhol ebody [conmpart Matrix [caesium], 1, 1, t1, Log[2] / (30 »365. 24)]

ut[12]= -0.000177381 e 24 0001t1 , 0. 00165462 e 12-0001t1 _ 0, 0230333 ¢ % 7726511
0.0207699 e 18090011 _ 0, 0430482 e 1 209901 4 0. 139387 e 03400311 . 0. 904447 ¢ 0 0003632011

This function supposes adaily chronicingestion"inp" duringatimetl. Theingestionof caesiumstopint = T,fort>T,inp=0.

In[13]:= gConstant [1, {qWhCs137[t], t}, t, 2000]

rtl must be non negative t <0
142. 499 + 7. 39086 x 1076 240001t _ 9 000137884 ¢ 12 0001t 0 <t <200(
0. 00830732 2 77265t _(, 0115384 ¢1-80006t
0. 0430455 (e—l. 00006t _ 0. 402779 e—O. 346063t _ 142. 136 e—O. 00636326t
0. - 7.39086 x 1076 24 0001 (-2000+t) , 9, 000137884 e 12 0001 (-2000+t) _ t > 2000
0. 00830732 e—2. 77265 (-2000+t) 0.0115384 e—l. 80006 (-2000+t) _
0. 0430455 e—l. 00006 (-2000+t) +0.402779 e—O. 346063 (-2000+t) 4
142. 136 -0 00636326 (-2000+t) , 7 309086 x 106 e-24- 0001t _
0. 000137884 ¢~12:0001t , 0, 00830732 e 2 77265t _ (. 0115384 ¢~1- 80006t
0. 0430455 eflA 00006t _ 0. 402779 efO. 346063t _ 142. 136 efOA 00636326t
0 True

Qut [ 13]

It can be observed that the retentionwas increasinguntil T. We can suppose that the caesiumingestion happened until T, whenit
ceased. Now we can fit the experimental data to bearing in mind both periods.
In[14]:= nodel 2[t1_?NunericQ p_?NunericQ tt_?NumericQ :=p
gConstant[1, {gWCs137[t],t}, t1, tt]
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The funtion estimates the best fit for theintake |, in Bg/day, and the period T, in days
In[15]:= {input, tinmelntake} = {p, tt} /. FindFit [whol eData, nodel 2[t, p, tt], {p, tt}, t]

Qut[15]= {24.5952, 533.961)

Then, the accumulatedintakeis
In[16]:= input tinelntake

Qut[16]= 13132.9

It can be observed the good mach obtained

In[17]:= Plot [gConstant [i nput, {qWhCs137[t], t}, t1, timelntake], {t1, 1, 1000},
Epi | og » {Hue[0.], PointSize[0.02], Map[Poi nt, whol eData]}]

3000 |
2500 |
2000 |
Qut[17] = I
1500 |
1000 |

500 |

200 400 600 800 1000

Example 2

A researcher has been exposed to a single acute intake of 151, After the exposure it has been measured the %1 in the
thyroid obtaining: {Days after accidental intake, Thyroid activity measured (Bq)} = {{7, 5143} {14, 4773} {15,
4403} {21, 4070}, {28,3471}, {42, 2546} } . (Bioassay data taken from French C. S. et Al, 2003).

Thedata in French C. Sarein nCi, they has been convertedto Bq

In[18]:= sanpleThy = {#1, 37 #2} &eee
{{7, 1393}, {14, 1293}, {15, 119}, {21, 110}, {28, 93.8}, {42, 68.8}}

Qut[18]= {{7, 5143}, {14, 4773}, {15, 4403}, {21, 4070}, {28, 3470.6}, {42, 2545.6}}
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Sol

The bioassay data have been fitted to the iodine thyroid retention function assumingan AMAD p; = 1 um, p, =5 um,
and pz = 10 um. The solutions obtained have been (Fig. 5), respectively, I; = 574485 Bq, |, = 41412.1 Bq and I3 =
46724.6 Bg. As d; = IDF(1um)= 0.34665 ; d; = >;IDF(5um)= 0.480875, d3= };IDF(5um)= 0.426196, an
hence I1 d]_ =1, d2 =13 d3 =19914 Bq

First it is computed the thyroid retention as funtion of t an p (previously we need to know the number used by Biokmod for thyroid
compartment)

In[19]: = Conpart Nunber s [i odi ne]

Qut[19]// Tabl eFor ne
1 Bl ood

Thyroid

Rest

Bl adder

Urine

uLl

LLI

FEC

o~NOoO O wWN

In[20]:= gThyAmad[t_, p_]:=02[t] /. Bi okdataReport [i odine, "Inhal ation",
"Acute", "Conpartnent Content", 1, AMADAdul tW[p], F, 1, t, Log[2] /7 60. 14]

Thisfunctionis applied to obtain theretentionfor p (inum) ={1, 5, 10}
In[21]:= {qThyAmadl[t_], qThyAmad5[t ], qThyAmad10[t_]} = Map[qThyAmad[t, #] & {1, 5, 10}1;

The bioassay data are fitted using AMAD p(in um)={1,5,10} to obtain | (p)

In[22]:= {f1, 5, f10} = Map[FindFit [sanpl eThy, intake#, {intake}, t] &,
{gqThyAmad1[t ], qThyAmad5[t ], qThyAmad10[t]}1;

Theintake | (p) for p(in um) ={1,5,10} are shown
In[23]:= {I1, 15, 110} ={intake /. f1, intake /. f5, intake /. f10}

Qut[23]= {57448.5, 41412.1, 46724.6)
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Fig. 1-125 thyroid retention function fitted using the experimental data. The continuous line actually is three
lines superposed corresponding to three combination of intakes and AMADS. It can be observed that they
areindistinguishable

In[24]:= fig5=Plot [{I1qThyAmadl[t], I5qThyAmad5[t], |10 gThyAmadl0[t ]},
{t, 0, 50}, AxesLabel - {"days", "Bqg"},
Epi | og =» Map[{Orange, Poi nt Si ze[.02], Point [##]1} & sanpl eThy] ]

Bq

5000 \
4000 [ [

Qut[24]= 3000
2000 [

1000 f

L L L L L L L L L L L L L L L L L L L L L L d <
10 20 30 40 50 »

Now it is obtained the 3 IRF (p), beingi = { Al , bbf ast +seq, PPsi ows BBrastiseq: BBsiows ET2} (It canbetested withthe
givenin ANNEX F, TableF.1, of ICRP 66) for AMAD p (inum) ={1,5,10}

In[25]:= {idfl, idf5, idf10} = Map[Pl us eeDrop [AVMADAdul t M[#], -11 & {1, 5, 10}]
Qut[25]= {0.34665, 0.480875, 0.426196}

Finalyitisobtained I (p) >; IDF(p) with p ={1,5,10}. It canbeobserbedthat I(1) };IDR(1) ~ 1(5)};IDFK((5) ~
| (10) 3; IDF(10).

In[26]:= {idfl, idf5, idf10} {11, 15, 110}
ut[26]= (19914.5, 19914., 19913. 8}
In the same way, taken into account that DCF for iodine 125 are DCF;(1 um) = 5.3 10® mSv/Bq, DCF, (5 um) =7.3

1076 mSv/Bq, and DCF; (10 um) =6.5 10~% mSv/Bq. Therefore E; = I; DCF; = 0.305 mSv; E, = |, DCF, = 0.303
mSv; Ez = I3 DCF; =0.304 mSv; that isE; ~ E> ~ Ea.

Hereare computed E(p) = I(p) DCF, . Itcanbeobservedthat E; ~ E, ~ Ej. (being E;= E(1); E,= E(5); Es= E(10));

In[27]:= {dcf1, dcf5, dcf10} ={5.310° 7.310° 6.510°°%};

In[28]:= {El, E2, E3} = {l1dcf1, 15dcf5, 110dcf10}

ut[28]= {0.304477, 0.302308, 0.30371}

In[29]:= Clear [idf1l, idf5, idf10, 11, I5, 110, E1, E2, E3]
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Example 3

A worker has been exposed from t = 0 to t = 2000 day to a chronic intake by inhalation of 3 BqU/day of UO, aerosols
type S and AMAD 5 um. On the day t = 2000 he accidentally intakes by inhalation an unknown | quantity of UO,. The
uranium lung content has been measured using a lung body counter obtaining: { Days after accidental intake, Lung
content (BqU)} ={{1,186}, {5,181}, {30,161}, {70,149}, {120,143}, {250,113}}. It is supposed that the measured
uncertaintiesis 30 Bg with a conficencelevel of 95%. We wishto know the accidental quantity intaken.

Note.- The lung measurements have been simulated using a singleintake of 1700 BqU with AMAD 7 um with a random
noise. The lung counters usually measure the 225U but here it has been converted to give the data in BqU. The chronic
and the accidental intakes are assumed to be from approximately the same enrichment (4.4% of 235U).

Sol

If it is assumed an AMAD of 5 um (recommended value by ICRP 66 when AMAD is unknown) then egn (17) and egn
(18) can be applied. The solution obtained is that the accidental intake was 1205 + 254 BqU. If it is supposed that the
AMAD is unknown then the egn (20) is applied obtaining 1875 BqU and AMAD 7.8 um. These are nearer to the “true”
values.

In[30]:= qLungU5[t_] = LungsRetention[1l, AMADAdul tW5], S, t, 0];

The "measured” (it has been alredy simulated) data has been:
SeedRandom[101]

In[31]:

sanpl eLungl = Map[{#, qConstant [3, {qLungU5[t], t}, # +2000, 2000] +
1700 LungsRet enti on[1, AMADAdul t W7], S, #, 0] +
Random[Nor mal Di stribution[0, 511} &, {1, 5, 30, 70, 120, 250}] // Round

In[32]:

aut[32]= {{1, 186}, {5, 181}, {30, 161}, {70, 149}, {120, 143}, {250, 113}}

In[33]:= sanplelungl = {{1, 186}, {5, 181}, {30, 161}, {70, 149}, {120, 143}, {250, 113}};

Thefirst step is subtracted the chronicintake

In[34]:= {tineneasured, measured} = Transpose[sanpl eLungl];

That is the lung retention dueto the chronicintake

In[35]:= croniclLung =
Map[{#, qConstant [3, {qLungU5[t], t}, # +2000, 2000]} & timemeasured] // Round

aut[35]= {{1, 108}, {5, 107}, {30, 104}, {70, 99}, {120, 95}, {250, 85}}

Thetotal retention minusthe chronic retention gives the lung retention due to the accidental intake

In[36]:= sanpl eLung2 = Transpose[{ti nenmeasured, Transpose[sanpl eLungl -croniclLung][[2]]}]

aut[36]= {{1, 78}, {5, 74}, {30, 57}, {70, 50}, {120, 48}, {250, 28}}

In[37]:= Cear[int, p]

In[38]:= nmodel 1[t_, int_, p_] =LungsRetention[int, AMADfit [p], S, t, O];
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In[39]:= {inputAcute, pp} ={int, p} /.
Fi ndFi t [sanpl eLung2, nodel 1[t, int, p], {{int, 500, 1000}, {p, 3, 10}}, t]

Qut[39]= {1875.69, 7.83468}

Hereisfitted adding the measured uncertainties (30 Bq)
In[40]:= sanpl eLungUnc2 = Map [Append[#, 30] & sanpl eLung2];

In[41]: = sanpl eLungUnc2

Qut [ 41] {{1, 78, 30}, {5, 74, 30}, {30, 57, 30}, {70, 50, 30}, {120, 48, 30}, {250, 28, 30}}

If the AMAD 5umisassumed , then

In[42]:= MFit [sanmpl eLungUnc2, LungsRetention[1l, AMADAdultW5], S, t, 0], t]

Qut[42]= {Mean - 1205. 28, s - 253. 809}

If the the AMAD fitted isassumed, then

In[43]:= MFit [sanpl eLungUnc2, LungsRetention[1l, AMADAdul tWppl, S, t, 0], t]
Qut[43]= {Mean - 1900. 98, s - 400. 305}

Note that the solution isthe same. It happens becouse the uncertaintiesare the samefor al the measurements.

In[44]:= FindM ni mum[X2Fi tE[{i nt, p}, sanpl eLungUnc2, nodel 1[t, int, p]l, t],
{int, 1000, 3000}, {p, 3, 8}]

cut[44]= {0.11186, {int —» 1875.69, p - 7.83468}}

Fig6..- Predicted lung retention after an acute intake assuming a previous chronic intake The dashed line
representsthe underlying contribution from the chronic intake.

In[45]:= qLungU7[t_] = LungsRetention[1l, AVADAdul t WMpp], S, t, OI;
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In[46]: =

Qut [ 46] =

I n[47]:

I n[ 48] :

Qut [ 48] =

Pl ot Lungl =
Pl ot [gConst ant [3, {gqLungU5[t], t}, t1+2000, 2000] +i nput Acut e qLungU7 [t 1],
{t1, 1, 300}]

180
170
160
150
140}

130}

50 100 150 200 250 300

sanpl eLung3 = Map[Append[{#}, ErrorBar [30 1] & sanpl eLungl];
Pl ot Lung2 = ErrorLi st Pl ot [sanpl eLung3]

2201

200

180

160 '

140

120}

100}

50 100 150 200 250
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In[49]:= PlotLung3 =Pl ot [i nput Acute qLungU7[t], {t, 1, 300}, PlotRange » {0, 100},
Pl ot Styl e » {Absol ut eThi ckness[1], Absol uteDashi ng[{10, 10}]1}]

100
80+
3\
RN
60F N\
N
i ~
Qut[49] = -~
r ~~
40+ - — — _
20t
0 50 100 150 200 250 300

In[50]:= fig6 =Show[Pl otLungl, PlotlLung2, PlotLung3,
Pl ot Range » {0, 250}, AxeslLabel - {"days", "BqU"'}]
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Qut [ 50] = [
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Example 4

An operator has been exposed to an simple accidental intake by inhalation of 8°Co. The cobalt form was metal and
oxide. A program of in-vivo monitoring was carried out ten days after the event and continued up to 3 years (Table 2).
Urine sampleswere also taken (Table 2). Additional information: It is recommended to assume that the whole body and
urine measurements be approximated by a log-normal distribution with a geometric standard deviation of 1.07 Bqg and
1.8Bq

(Data from ICRP (Draft 2006): Draft guidance document: Bioassay data interpretation (Annex B) http://www.icr-
p.org/news guidance.asp [Accessed 15 june 2006])
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sol 1

Thisisa case where multipledata sets must be fitted to a nonlinear model.

The default parameter recommended by ICRP 78 for cobalt oxide valuesare: AMAD 5 um, absorption Type S, f1 value
0.05. If we applied the chi squared test (y2) the goodness of the data fitted is very bad. For this reason we used the egn
(21) assumingthat p (AMAD value in um), the absorption rates{ sy, sp, &} and f1 are unknown. Thisis a case where
multipledata sets must be fitted to a nonlinear model. To avoid atoo long time of computation some restrictions about
the parameters fitted were established. Also the number of step to find the minimumof egn (21) was limited. The best fit
obtained corresponds to 398.5 kBg with AMAD 5.5 um, {sy, sp, &} ={10, 90, 0.0007} and f1 = 0.1. The committed

effectivedose, E(50) calculated using these valuesis: 4.5 mSv.

The method appliedin ICRP (Draft 2006) isdifferent. There istaken as AMAD 5 um, then is applied the eqg. (19) several
times: One set with with f1= 0.1 testing mixture of absorption Types S and M other repeating the procedure with f1 =
0.05. In eachtest isobtained the Ji2 value. Finallyis chosen the solution where the Ji2 is smallest one. The computation
has been made using IMBA Professional. The solution reported is404 kBg and 5 mSv

In[51]: = sanpl eWBCo60 =
{{10, 23900}, {14, 29200}, {17, 20100}, {20, 18200}, {27, 21600}, {40, 19800},
{60, 21600}, {80, 17500}, {190, 11600}, {370, 8100}, {747, 4800}, {1010, 2700}};

Table 1 Whole body activity measurement

In[52]:= Tabl eFor m[sanmpl eWBCo60,
Tabl eHeadi ngs - {None, {"Tine of neasurenent\n after intake in days",
"Whol e body\n activity of 60Co (Bq)"}}]

Qut [52]// Tabl eFor ne
Ti me of measurenment Whol e body
after intake in days activity of 60Co (Bq)

10 23900
14 29200
17 20100
20 18200
27 21600
40 19800
60 21600
80 17500
190 11600
370 8100

747 4800

1010 2700

In[53]:= sanpleUri Co60 =
{{14, 709}, {27, 64}, {40, 71}, {60, 37}, {80, 29}, {190, 11}, {370, 1.7}};

©2007 Guillermo Sanchez and ENUSA. All rights reserved.



34 Printed from the Mathematica Help Browser

Table 2.- Urine activity measurement

In[54]:= Tabl eFor m[sanpl eUri Co60,
Tabl eHeadi ngs » {None, {"Tine of neasurenent\n after intake in days",
"Daily urinary excretion\n rate of 60Co (Bg)"}}]

Qut [ 54] / / Tabl eFor ne

Ti me of neasurenent Daily urinary excretion
after intake in days rate of 60Co (Bq)

14 709

27 64

40 71

60 37

80 29

190 11

370 1.7

In[55]:= sanpl eWBCo60L = {{10, Log[23900], Log[l1.2]}, {14, Log[29200], Log[1.2]},
{17, Log[20100], Log[1l.21}, {20, Log[18200], Log[1l.2]1},
{27, Log[21600], Log[l.2]1}, {40, Log[19800], Log[1l.2]1},
{60, Log[21600], Log[l.2]1}, {80, Log[17500], Log[1l.2]1},
{190, Log[11600], Log[l.2]}, {370, Log[8100], Log[1l.2]},
{747, Log[4800], Log[l.2]}, {1010, Log[2700], Log[l.21}};

In[56]:= sanpl eUri Co60L = {{14, Log[709], Log[1.8]1}, {27, Log[64], Log[l.8]},
{40, Log[71], LogI[l.8]1}, {60, Log[37], LogI[l.8]}, {80, Log[29], LogI[l.8]},
{190, Log[11l], Log[l1.8]1}, {370, Log[l.7], Log[l.81}};

The parametersto befitted are Intake, AMAD p, f1, Sit Sp S.

In[57]:= fitType[p_, f1_, s1_, s2_, s3_, t_]:=
Modul e[ {x1, x2}, {x1, x2} = {qWhol ebody[t1l], gDailyUine[t1l]} /.
Bi okdat aReport [cobal t, "I nhal ation", "Acute", "Automatic", 1,
AVADAdul t W p], {s1, s2, s3}, 1, t1, Log[2] / (5.27 x365.24)1;
Fi ndM ni mum[X2Fi t E[ {i nt }, sanpl eWBCo60L, Log[int x1] /. t1>1t,
sanpl eUri Co60L , Log[int x2] /. t1-»t, t]1, {int, 1075, 1076}]1]

The below calculationwill take along time

In[58]:= todos = Table[Flatten[{p, f1, s1, s2, s3, fitType[p, f1, sl, s2, s3, t]1}],
{p, 4.5, 5.5, 0.5}, {f1, 0.06, 0.1, 0.04}, {s1, 9, 10},
{s2, 90, 100, 10}, {s3, 0.0002, 0.002, 0.0005}7;

In[59]:= todosl =Flatten[todos, 4]; ji2 =Transpose[todosl][[6]];
ps = Position[ji2, Mn[ji2]];

The best fit obtained correspond to

In[60]:= {amadp, ff1l, sl, s2, s3, min, inp} = Extract [todosl, ps][[1]]
aut[60]= {5.5, 0.1, 10, 90, 0.0007, 15.5141, int - 398551. }

Here are compared the "experimental" data with the fitted functions

In[61]:= |1 =int /. inp;
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{cobal twb[t ], cobaltURI [t 1} = {gWhol ebody [t ], gDailyUrine[t]} /.
Bi okdat aReport [ cobalt, "I nhal ati on", "Acute", "Automatic", 1,
AVADAdul t Warmedp] , {sl1, s2, s3}, ffl, t, Log[2] / (5.27 »365.24)1];

In[62]:

In[63]:= Plot [l 1cobaltwb[t1l], {t1, 1, 400}, AxeslLabel - {"days", "Bqg"},
Epilog :> Map[{ Orange, PointSize[.02], Point [##]} & sanpl eBCo60]]

Bq
25000 |
20000 | \
Qut[63] =
15000
1 1 1 1 d S
100 200 \359\ a0
\
In[64]:= Plot[I1 cobaltURI [t1], {t1, 1, 400}, AxeslLabel - {"days", "Bg/day"},
Epilog : > Map[{ Orange, PointSize[.02], Point [##]} & sanpleUri Co60]]
Ba/day
50 -
40 -
out[64]= 30F
201
" " " n 1 " " " " 1 " " " " 1 d <
100 200 300 400 a4
Doses

Then we can computed the equivalent doses using the Doses package included in the new version of Bi oknod. . It can
be used for computing, over a period r, the acumulated disintegration Ug(7), the committed effectivedoses e(t) and the
equivalent doses H(t) . The SEE factors, require for computing e(r) and H(r), are included for some selected isotopes,
in the other cases the SEE factors can be introduced as input data (It can be obtained using DCAL (SEECAL). It can be
downloaded at http://ordose.ornl.gov/downloads.html ).

In[1]:= Quit[]
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In[1]:= Needs["Bi oknod Doses™ "]
Resptract 1.2 bl 2005-05-16
SysModel , version 1.4.bl 2006-12-19
Hunorap 3.4 2007-10-12

Bi okdata 1.2.3 Lite version

Doses 1.0 Lite version

In[2]:

(amadp, ff1, si, s2, s3, inp} = {5.5, 0.1, 10, 90, 0.0007, 398551};
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In[3]:= ConmittedDose["Co 60", "Inhal ation", inp,
AVADAdul t Warmedp], {sl1l, s2, s3}, ffl, 50 % 365.25]

Accumulted disintegration, in Bg, as function of thetime
Conpartment 18262.5 day

Al 1. 47604 x 10°
bbl 1349. 24
bb2 10178.3
bbseq 512. 246
BB1 390. 742
BB2 13944.5
BBseq 847.09
ET2 371. 238
ET1 29607.7
ETseq 7546. 29
LNt h 18869.5
LNet 7118. 45
ST 1546. 8
Sl 5568. 19
B 5171. 07
ULl 19104.9
LLI 34377.3
Q her 663 196.
Li ver 0

UB_Content 493. 267

Dose accumulated, in Sv, asfunction of thetime

Sv/Bq 18262. 5 day
Testes 0. 000647195
Ovari us 0. 00124167
Red Marrow 0. 00188664
Col on 0. 00203449
Lungs 0. 0237358

St val | 0. 00193433
Bl adder wall 0. 000860611
Mama 0. 00290778
Li ver 0. 00232751
QCesophagus 0. 00344612
Thyroid 0. 00162156
Ski n 0. 000975408
Bone Surface 0. 00161858
Muscl e 0. 00160571
Brain 0. 000729113
Smal | intestine 0. 00132312
Ki dneys 0. 0015073

Pancr eas 0. 00232831
Spl een 0. 00233603
Thynus 0. 00344612
Ut erus 0.00101719
Adrenal s 0. 00288376
Extrathoracic ai rways 0.0203698

Ef fective, e(50) 0. 00446216
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The committed effectivedose, E(50) calculatedusing thesevaluesis: 4.46 mSv

Conclusion

There are some good computer codes that can be applied in the interpretation of bioassay data. We have developed a
new one, BIOKMOD, with some innovations that can be useful mainly for advanced studies. The standard version of
BIOKMOD is availablefor free download at the author web side: http://web.usal .es/guillermo. Furthermore there is a
web version (available at http://www3.enusa.es’'webM athemati ca/Public/biokmod.html, sponsored by ENUSA Indus-
trias Avanzadas. S.A) and therefore it can be used everywherewhere an internet connection exists.

BIOKMOD has been used in the evaluation of internal exposures using the bioassay data: Multiple constant and random
intakes in occupational exposures taking into account periods without intake (weekends, holidays, etc.) has been
described; an analytical method to evaluate the statistical uncertainties associated with the biokinetic model has been
developed; non linear techniques have been applied to estimate the intakes using bioassay data.
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